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ABSTRACT 


High  purity  aluminum  was  quenched  from  the  liquid  state  and 
specimens  were  examined  by  transmission  electron  microscopy.  Very 
high  densities  of  defects  in  the  form  of  perfect  loops,  imperfect 
loops,  and  small  black  spots  were  observed.  The  vacancy  concentration, 
as  deduced  from  the  number  and  size  of  defects,  increase  with  in¬ 
creasing  temperature  at  a  ouch  slower  rate  in  the  liquid  than  in  the 
solid.  Both  the  vacancy  formation  energy  and  the  entropy  factor 
appear  to  be  considerably  reduced  above  the  melting  point.  Also, 
a  discontinuity  in  the  vacancy  concentration  is  observed  at  the 
melting  point. 
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1 .  INTRODUCTION 

Previous  experiments  on  the  quenching-in  of  vacancies  In  metals 
have  been  limited  to  solid  state  quenching  with  cooling  rates  of  the 
order  of  fifty  thousand  degrees  per  second.  It  Is  now  well  known 
that  In  quenched  metals,  vacancies  condense  out  in  various  dislocation 
configurations,  namely,  perfect  loops,  Imperfect  loops,  or  tetrahedra, 
depending  upon  stacking  fault  energy,  purity  and  vacancy  supersatura¬ 
tion  (see  reviews  in  Refs.  1  and  2).  The  quenching-ln  of  vacancies 

in  high  purity  solid  aluminum  has  been  studied  previously  by  resls- 

(4  5)  {6-8} 

tivityv  ’  ,  transmission  electron  microscopy '  ' ,  and  simultaneous 

(9) 

x-ray  and  dilatometry'  .  The  vacancy  concentration  can  be  expressed 
as  c  ■  A  exp-(Qf/kT)  where,  for  aluminum,  A  ■  8  and  Qf  »  0.76  eV.  At  the 
melting  point  of  aluminum  (933°K),  the  vacancy  concentration  Is  6  x  10  \ 

The  method  of  rapid  quenching  from  the  melt,  described  by  Duwez  and 
(3) 

Willens  ,  offers  the  possibility  of  investigating  the  quenching-in 
of  vacancies  from  the  liquid  state.  It  has  been  estimated  that  the 
cooling  rates  achieved  by  this  quenching  technique  are  of  the  order  of 
one  or  two  million  degrees  per  second.  The  experiments  described  in  this 
paper  are  carried  out  on  quenched  liquid  aluminum.  Both  the  variations 
of  vacancy  concentration  with  quenching  temperature  and  the  type  of 
vacancy  defects  that  were  formed  have  been  investigated. 

2 .  EXPERIMENTAL  PROCEDURE 

The  aluminum  used  in  this  investigation  had  a  purity  of  99.996%, 
magnesium  being  the  predominant  impurity  (30  ppm) .  The  foils  produced 
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by  this  quenching  technique  were  non-uniform  in  thickness,  the  average 
thickness  being  of  the  order  of  several  microns.  However,  there  were 
regions  within  the  foil  which  were  thin  enough  to  be  viewed  in  trans¬ 
mission  electron  microscopy  without  any  further  thinning  being  necessary . 
Only  these  regions  were  examined  to  determine  the  vacancy  concentrations. 

In  most  cases,  the  foil  was  observed  immediately  after  quenching  with¬ 
out  aging  at  elevated  temperatures.  Some  foils  were  aged  for  several 
minutes  between  100°C  and  140°C.  No  difference  in  structure  between 
the  as-quenched  foil  and  the  aged  foils  was  noticed  except  for  some 
loop  growth.  The  high  concentration  of  vacancies  which  were  retained 
by  the  quench  resulted  in  the  formation  of  Frank-sessile  loops,  perfect 
loops,  and  small  dark  spots  which  may  be  very  small  loops  or  vacancy 

clusters.  The  vacancy  concentration  was  determined  from  the  size  and 

2 

density  of  loops  using  the  formula  c  -  nr  bn/t,  where  n  is  the  number 
2 

of  loops  per  cm  ,  £  the  loop  radius,  b  the  Burgess  vector  (a/3clll> 
for  Frank  loops,  a/2  < 110 >  for  perfect  loops)  and  t  the  foil  thickness. 

For  the  case  of  spherical  clusters  with  radius  r,  this  formula  would 
underestimate  the  vacancy  concentration  by  a  factor  of  4r/3b.  The  actual 
foil  thickness  was  of  the  order  of  3  x  10  ^  cm,  however,  a  value  of  10  cm 
was  adopted  for  the  calculations  in  view  of  the  fact  that  vacancy  denudation 
occurs  at  both  the  top  and  bottom  surfaces  of  the  foil. 

3 .  RESULTS 

Typical  electron  micrographs  from  foils  quenched  from  various 
temperatures  above  the  melting  point  are  shown  in  Figs.  1  to  6. 

Quenches  from  below  1200°C  produce  large  numbers  of  loops  or  clusters. 
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Figure  2.  Defect  structure  in  aluminum  quenched  from  725°C.  There 
is  a  narrow  denuded  cone  between  500  and  1000  A  wide, 
next  to  grain  boundaries. 


-5- 


Figure  3.  Defect  structure  in  aluminum  quenched  from  765°C.  A 
sig  sag  dislocation  has  produced  a  loop-free  area  A. 
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Flgure  4.  Loops  and  black  spots  in  a  (111)  area  after  quenching 
from  1165°C.  Operating  reflection  (2^0).  Notice 
absence  of  loops  in  the  (111)  plane  showing  they  are 
all  of  the  Frank-sessile  kind  (b  -  a/3  Z  111]). 
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Figure  5.  Small  grain  size  in  A1  quenched  from  900  C.  By 
tilting  the  specimen,  the  loops  in  region  A  can 
be  brought  into  contrast.  Large  perfect  diamond- 
shaped  loops  are  visible  at  B. 


o 

Figure  6.  Aluminum  quenched  from  1260  C.  Notice  the  absence  of 
loops  and  the  high  density  of  dislocations  making  sub- 
boundaries. 
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At  higher  temperatures  few  loops  are  observed  but  the  density  of 
dislocations  is  very  large  (Fig.  6).  Below  1200°C  most  of  the  dis¬ 
locations  appear  to  be  in  the  form  of  loops  except  as  shown  at  A  in 
Fig.  3  where  a  zig  zag  dislocation  line  exists  in  a  loop-free  area. 
Apparently  many  dislocations  are  generated  by  quenching  from  tempera¬ 
tures  greater  than  1200°C  and  these  effectively  sweep  up  most  of  the 
retained  vacancies.  In  addition,  the  quenching  efficiency  is  probably 
reduced  with  increasing  temperature  of  the  melt  due  to  the  thermal 
capacity  of  the  sample.  Thus  some  vacancies  will  have  time  to  escape 
from  the  thin  regions  of  the  foil  during  cooling.  As  shown  in  Figs.  1 
and  2  very  high  densities  of  defects  are  observed  after  quenching  from 
below  1200°C.  The  grain  size  is  very  small  (1/4  to  \A  )  and  the  grains 
have  nearly  equilibrium  shapes  (Fig.  5).  Another  interesting  feature 
is  that  the  width  of  the  vacancy  denuded  zone  is  between  500  and 
1500  £  which  is  much  less  than  that  observed  in  aluminum  quenched  from 
below  the  melting  point  (1-v) .  This  fact  and  the  observed  high  densities 
of  defects  Indicate  that  numerous  vacancies  have  been  quenched-in. 

Perfect  and  imperfect  dislocation  loops  have  been  resolved  as 
well  as  small  spherical  black  spots  (Figs.  3  and  4)  which  could  be 
small  loops  or  vacancy  clusters.  These  three  types  of  defects  are 
observed  in  specimens  quenched  from  below  1200°C.  Figure  4  is  an 
example  of  an  area  in  (111)  orientation.  Only  three  orientations  of 
loops  are  visible  corresponding  to  the  traces  of  (111)  (111)  and  (111) 
planes  with  the  foil  surface.  Loops  in  the  plane  of  the  foil  are  not 
visible,  indicating  that  the  Burgers  vector  must  be  normal  to  the  foil 
surface.  This  must  mean  that  the  loops  are  of  the  Frank  kind  since 
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perfect  loops  would  have  all  four  possible  orientations  visible  in  the 
(111)  orientation.  Most  of  the  very  small  loops  do  appear  to  be  Frank 
loops,  but  larger,  perfect  loops,  many  of  which  are  diamond -shaped,  are 
also  observed  (for  Instance  at  B,  Fig.  5). 

3 

Table  I  gives  the  number  of  defects  per  cm  and  the  average  vacancy 
concentration  calculated  on  the  basis  of  perfect  loop  defects.  These 
results  are  probably  on  the  low  side  because  1/  not  all  of  the  vacancies 
may  have  condensed  to  the  loops,  2/  not  all  loops  may  be  visible  because 
of  contrast  conditions  (Fig.  5)  and,  3/  many  of  the  defects  may  be 
spherical  clusters  and  the  concentration  calculations,  which  assume  loops, 
would  underestimate  the  concentration. 


TABLE  I 


Quenching 

Temperature 

(°C) 

Treatment 

Loop  radius  (A) 

Nusfcer  of 
Loops  per 

3 

cm 

Average 

Vacancy 

Concentration 

C  x  10* 

725 

As  Cast 

100 

1.3  x  1016 

1.04 

820 

2  Min.  at 
136°C 

250-625 

1.6  x  1015 

1.34 

1030 

As  Cast 

100 

1.5  x  1016 

1.29 

1165 

1 - 

As  Cast 

110 

1.4  x  1016 

1.60 

A  plot  of  In  £  against  reciprocal  temperature  is  shown  in  Fig.  7.  It 
can  be  seen  that  there  is  a  sharp  change  in  slope  and  a  discontinuity  in 
vacancy  concentration  at  the  melting  point.  The  equation  of  the  line, 

_3 

representing  quenches  from  the  liquid,  is  c  *  4  x  10  exp-(0.11/kT). 


VACANCY  CONCENTRATION 
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TEMPERATURE  Cc) 


1200  1000  600  600 


RECIPROCAL  TEMPERATURE  (V  X  I03) 


Figure  7.  Relationship  between  vacancy  concentration  and 
reciprocal  tenperature.  The  solid  atate  line 
le  taken  from  the  data  of  References  4  and  9. 
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DISCUSSION 

The  very  high  and  uniform  densities  of  defects  observed  in  these 
experiments  indicate  that  very  large  supersaturations  of  vacancies  are 
retained  by  rapid  quenching  from  the  liquid  state.  The  appearance  of 
three  kinds  of  defects,  namely,  perfect  loops,  imperfect  loops,  and 
small  black  spots,  is  indicative  of  various  stages  in  the  annihilation 
of  vacancies  depending  upon  local  conditions  of  vacancy  supersaturation 
and  quenching  stresses.  Another  possibility  is  that  the  defects  may  form 
at  the  solid-liquid  interface^^ .  Previous  calculations show 
that  stable  vacancy  clusters  or  loops  trapped  behind  the  interface  would 
not  diffuse  back  to  the  liquid  due  to  the  high  interfacial  velocity 
(estimated  to  be  10  cm/sec.).  These  calculations  are  slightly  in  error 
because  no  change  in  the  vacancy  formation  energy  between  the  liquid  and 
solid  states  and  no  discontinuity  in  equilibrium  vacancy  concentration 
are  assumed. 

The  increase  in  vacancy  concentration  at  the  melting  point  contributes 
to  the  entropy  of  melting.  Assuming  a  random  two-component  system,  the 
increase  in  entropy  on  melting  due  to  a  change  in  vacancy  concentration 
is<ll> 

sf  *  [cj/n  C1  ’  c2  c2  +  (l-Cj)  ’  <l-c2)^n  (l-c2)]  » 

where  c^  is  the  vacancy  concentration  in  the  solid  and  c^  the  vacancy 

-4  -3 

concentration  in  the  liquid.  Using  c^  *  6  x  10  and  ■  1  x  10  at 

-3 

the  melting  point,  the  entropy  change  is  2.9  Nk  x  10  .  The  total 


-13- 


entropy  change  on  melting,  as  deduced  from  the  heat  of  fusion,  is  1.4  Nk 

for  aluminum.  Therefore,  the  entropy  increase  associated  with  the 

change  in  vacancy  concentration  is  very  small.  The  largest  contribution 

to  the  entropy  change  is  probably  configurational  entropy,  since  there 

is  evidence  that  the  vibrational  frequencies,  the  only  other  source  of 

(12  13  14) 

entropy  associated  with  melting,  is  not  appreciably  altered'  ’  ’ 

Perhaps  the  most  interesting  results  obtained  in  this  investigation  is 
that  within  the  experimental  limits  of  the  electron  microscopy  technique, 
the  vacancy  concentration  is  relatively  insensitive  to  temperatures  above 
the  melting  point.  The  entropy  factor  and  the  formation  energy  of  a 
vacancy  are  both  smaller  in  the  liquid  than  in  the  solid.  The  ratio  is 
about  three  orders  of  magnitude  in  the  entropy  factor  and  about  a  factor 
of  seven  in  the  formation  energy. 
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U.  S.  Naval  Ordnance  Underwater  Station 

Newport,  Rhode  Island 

1 

U.  S.  Bureau  of  Mines 

Washington  25,  D.  C. 

Attention:  Mr.  J.  B.  Rosenbaum,  Chief  Metallurgist 

1 

Defense  Metals  Information  Center 

Battelle  Memorial  Institute 

505  King  Avenue 

Colunfcus,  Ohio 

2 

Solid  State  Devices  Branch 

Evans  Signal  Laboratory 

U.  S.  Army  Signal  Engineering  Laboratories 
c/o  Senior  Navy  Liaison  Officer 

U.  S.  Navy  Electronic  Office 

Fort  Monmouth,  New  Jersey 
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U.  S.  Bureau  of  Mines 

P.  0.  Drawer  B 

Boulder  City,  Nevada 

Attention:  Electro-Metallurgical  Dlv. 
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Frankford 

Philadelphia  37,  Pennsylvania 
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Case  Institute  of  Technology 
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Professor  G.  C.  Kuczynskl 
Department  of  Metallurgy 
University  of  Notre  Dame 
Notre  Dame,  Indiana 

Professor  J.  M.  Slvertsen 
Department  of  Metallurgy 
University  of  Minnesota 
Minneapolis,  Minnesota 

Professor  V.  G.  Macres 

Department  of  Metallurgical  Engineering 

Stanford  University 

Stanford,  California 

Professor  L.  V.  Azaroff 
Department  of  Metallurgical  Engineering 
Illinois  Institute  of  Technology 
Chicago  16,  Illinois 

Professor  F.  Seitz 
Department  of  Physics 
University  of  Illinois 
Urbana,  Illinois 
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Professor  T.  A.  Read 
Department  of  Mining  &  Met .  Engrg . 
University  of  Illinois 
Urbane,  Illinois 

Professor  R.  Smoluchowski 
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Professor  H.  Brooks 
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Cambridge,  Massachusetts 

Professor  C.  E.  Birchenall 
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Professor  W.  E.  Wallace 
Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  Pennsylvania 

Professor  E.  R.  Parker 
Division  of  Mineral  Technology 
University  of  California 
Berkeley  4,  California 

Professor  L.  G.  Parratt 
Department  of  Physics 
Cornell  University 
Ithaca,  New  York 

Professor  P.  A.  Beck 

Department  of  Mining  and  Metallurgy 

University  of  Illinois 

Urbana,  Illinois 

Professor  P.  Gordon 

Department  of  Metallurgical  Engineering 
Illinois  Institute  of  Technology 
Chicago  16,  Illinois 

Professor  J.  T.  Norton 
Massachusetts  Institute  of  Technology 
Department  of  Metallurgy 
Cambridge  39,  Massachusetts 


I 

AGENCY 

NUMBER  OF  COPIES 

Professor  M.  E.  Nicholson 

Department  of  Metallurgy 

University  of  Minnesota 

Minneapolis  14,  Minnesota 
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Professor  J.  W.  Spretnak 

Department  of  Metallurgy 

Ohio  State  University 

Colunfcus,  Ohio 
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Professor  C.  H.  Shaw 

Department  of  Physics 

Ohio  State  University 

Colunfcus,  Ohio 
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Professor  F.  R.  Brotzen 

Department  of  Mechanical  Engineering 

The  Rice  Institute 

Houston,  Texas 
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Professor  S.  Ueissman 

Materials  Research  Laboratory 

Rutgers  University 

New  Brunswick,  New  Jersey 
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